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Abstract
During their application to the wet, oral environment, dentin adhesives can experience phase
separation and composition change which can compromise the quality of the hybrid layer formed
at the dentin-adhesive interface. The chemical composition of polymer phases formed in the
hybrid layer can be represented using a ternary water-adhesive phase diagram. In this paper, these
polymer phases have been characterized using a suite of mechanical tests and swelling
experiments. The experimental results were evaluated using granular micromechanics based
model that incorporates poro-mechanical effects and polymer-solvent thermodynamics. The
variation of the model parameters and model-predicted polymer properties has been studied as a
function of composition along the phase boundary. The resulting structure-property correlations
provide insight into interactions occurring at the molecular level in the saturated polymer system.
These correlations can be used for modeling the mechanical behavior of hybrid layer, and are
expected to aid in the design and improvement of water-compatible dentin adhesive polymers.
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1 Introduction
Polymers formed from hydrophilic/hydrophobic monomer pairs have been used in a variety
of biomedical applications such as bioadhesives, artificial organs, prostheses, drug delivery
systems and orthopedic materials [1–11]. The polymer properties are strongly correlated to
its chemical composition and network structure [12–14]. Particularly, the phase separation,
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water sorption, associated swelling, water diffusion, mechanical properties and enzymatic
resistance of these materials significantly influence their functional performance. The dentin
adhesive systems used in composite tooth restorations, like many other bioadhesive systems,
are also composed of hydrophobic/hydrophilic organic monomer mixtures. In composite
tooth restorations, adhesive systems formed of hydrophilic/hydrophobic monomer mixtures
infiltrate into the wet, demineralized collagen of the tooth to form a collagen-adhesive
composite known as the hybrid layer [15, 16]. One of the major factors that affects the
stability and durability of the hybrid layer is inadequate penetration of the adhesive and its
physical separation into individual phases [17, 18]. The presence of water in wet
demineralized dentin is a major detrimental factor for dentin adhesives used to bond
composite restorations. It is well accepted that the hybrid layer is the weakest link in the
adhesive-dentin bond [19].
In dentin adhesive systems the hydrophobic/hydrophilic monomer pair serves the following
functions: a) in the monomer state, the adhesive hydrophilicity aids in its integration with
the wet, demineralized dentin matrix, while b) in the polymerized state, adhesive
hydrophobicity leads to lower sorption of oral fluids and endows adequate stiffness to
minimize swelling [20–24]. Thus, to provide durable function in the mouth, the optimal
dentin adhesive must possess a hydrophilic/hydrophobic balance. However, in the wet, oral
environment, dentin adhesives can experience composition change and phase separation.
The penetration of the adhesive into the wet demineralized dentin may take place by a
combination of diffusion and convection resulting from external energy during adhesive
application on the dentin substrate [25–27]. Since the hydrophobic component is also more
viscous, it transports slower through both diffusion as well as convection, as compared to
the hydrophilic component. Hence, subsequent photo-polymerization results in an adhesive-
collagen hybrid layer where the composition of the adhesive changes spatially, particularly
along the depth of the hybrid layer. Both, phase separation [28, 29] and limited infiltration
of the hydrophobic component along the depth of the hybrid layer [17, 18], have been
experimentally observed in dentin adhesive interfaces.
The possible monomer phases formed in the hybrid layer by the mixing of the hydrophobic/
hydrophilic adhesive monomer pair with water can be represented by the phase boundary of
an adhesive-dentin ternary phase diagram [28]. Phase separation and adhesive composition
changes in the monomer state affect both the hydrophilicity and stiffness of the adhesive
polymer phases. The hydrophilicity and stiffness are the major factors that control the
chemo-mechanical behavior of the adhesive polymer [30–37], which has a profound
influence on the load transfer mechanism at the dentin-adhesive (a/d) interface and its
fatigue life [38–41]. Further, it has been observed that the visco-plastic properties of the
adhesive change anomalously with water content under loading [42]. In addition, the
hydrophilicity and cross-link density have been identified to be two important independent
variables which affect the water sorption and diffusion into methacrylate-based cross-linked
polymers [43]. These adhesive polymer phases are not conventional hydrogels, in that they
do not behave as rubbery elastomers at room temperature, except at very low crosslinker
concentrations. Starting from a dry condition, when they absorb water and swell, a part of
the interchain interactions dissociate, making them partly rubbery. However, conventional
constitutive models are either designed for rubbery elastomers [44–47], or for glassy solids
[48]. The mixed nature of our polymer phases necessitates a model which can account for
(a) the energetic contribution to stiffness (b) the interaction between polymer and water
leading to sorption and (c) the poromechanical effects arising from fluid pressure.
The aim of this paper is to characterize and understand the variation of polymer phase
chemo-mechanical properties along the adhesive-dentin phase boundary using an
appropriate constitutive model. A suite of mechanical tests and swelling experiments were
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performed on five different polymer formulations whose water-hydrophilic-hydrophobic
compositions lie close to the phase boundary. A micro-chemo-poro-mechanical model was
developed to describe the swelling behavior of these polymer formulations. The
experimental data was used to obtain the variation of model parameters with chemical
composition. Additional experimental evidence was collected to independently confirm the
variation in the model parameters. The model parameters were then used to predict estimates
of Poisson’s ratio and bulk modulus. The model parameters and predicted results were
qualitatively and quantitatively studied with respect to the chemical composition along the
phase boundary. The resulting structure-property relationships give insight into the influence
of chemical composition on the variation of chemo-mechanical properties along the phase
boundary.
2 Materials and experimental methods
2.1 Materials
Methacrylate based dentin adhesive monomer formulations were prepared as mixtures of
BisGMA (Bisphenol A glycerolate (1 glycerol/phenol) dimethacrylate), 2-
hydroxyethylmethacrylate (HEMA, 99%) (Sigma Chemical Co., St. Louis, MO, USA.) and
deionized water. The chemical structures of the co-monomers are shown in Table 1. The
following three-component visible light photoinitiator (all from Aldrich, Milwaukee, WI)
was used in this work: camphoroquinone (CQ, 0.5wt%), ethyl-4-(dimethylamino)benzoate
(EDMAB, 0.5wt%) and diphenyliodonium hexafluorophosphate (DPIHP, 0.5wt%). The
concentration of the photoinitiator components was calculated with respect to the total
amount of monomer. All materials were used as received.
2.2 Preparation of neat adhesive resins
Monomer mixtures in the following mass ratios of HEMA to BisGMA were added along
with a 3-component photo-initiator system (0.5 mass percent of camphorquinone (CQ),
ethyl-4-dimethylamino benzoate (EDMAB) and diphenyl iodonium phosphate (DPIHP))
into brown vials: a) 92.5:7.5 b) 80:20 c) 75:25 d) 70:30 e) 60:40 f) 45:55, g) 30:70 and h)
85:15 (HEMA:BisGMA). The monomer-initiator mixtures in the brown vials were prepared
using vortex mixers and shakers to obtain a homogeneous adhesive resin. The neat resins are
represented on the ternary phase diagram using squares as shown in Figure 1. The black
arrow indicates the direction of increasing BisGMA content in the resin. A weighing balance
with a resolution of 0.01 mg (Mettler Toledo, X205 dual range) was used to weigh each
component and was used for all mass measurements described henceforth.
2.3 Determination of water miscibility of neat adhesive resins
About 1g of each neat resin was weighed into a brown vial and water was added in
increments of approximately 0.01 g until the mixture was visually observed to be turbid. The
percentage of water in the mixture was noted (w1). The mixture was then back-titrated using
the neat resin till the turbidity disappeared and the percentage of water in the mixture was
noted (w2). The water solubility was calculated as the average of w1 and w2. The procedure
is represented on the ternary phase diagram as moving along the line of constant monomer
ratio starting at the neat resin (square point) towards the intersection with the phase
boundary line, which represents the limit of miscibility for that monomer ratio.
2.4 Preparation of polymer samples from monomer-water formulations on phase boundary
Water equivalent to about 2–3 percentages below the solubility limit is added to each neat
resin and mixed till fully dissolved (see Table 2). The water content was chosen to lie within
the solubility limit to minimize polymerization induced phase separation at the scale of this
study. The composition of these formulations has been represented using circles on the
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ternary phase diagram as shown in Figure 1. The samples in Figure 1 were prepared at 24 °C
and ambient pressure. Square beams with a side of 1 mm and a length of at least 10 mm
were prepared for each formulation by casting these prepared adhesive resins into glass-
tubing molds (Fiber Optic Center Inc, #CV1012, Vitrocom Round Capillary Tubing of
Borosilicate Glass). The resins were injected into the tubing using a micro-pipette and light
polymerized with a LED light curing unit of effective irradiance 250 mW/cm2 and area 6.25
mm2 for 40s (LED Curebox, Prototech, and Portland, OR). The effective irradiance was
provided by the manufacturer based upon the intensity of the blue LED used in the box. The
wavelength of light for the LED curebox is around 470 nm. The polymerized samples were
stored in dark at room temperature for two days to provide adequate time for post-cure
polymerization. The samples were subsequently extracted from the glass tubing and stored
in a vacuum oven in the presence of a drying agent (freshly dried silica gel) at 37°C.
2.5 Absorption and swelling experiment
Multiple beam specimens were used to study the water sorption behavior of each
formulation. Distilled, deionized water (HPLC grade, W5SK-4, Fisher Scientific, Fair Lawn,
NJ, USA) was used throughout the experiments. The specimens were first pre-washed by
immersing in water for 15 days to remove any leachable matter. During the pre-washing
process, timed mass change of the samples was recorded. The time interval for data
collection varied from 10 minutes during the beginning of the experiment to 24 hours. After
each time interval, the specimens were retrieved, blotted dry to remove excess liquid,
weighed in air, and returned to the water bath. At the end of 15 days, the beam specimens
were placed into a vacuum chamber for drying until they reached constant mass. The
specimens were then re-immersed in water and stored at room temperature. These specimens
were used for the post-wash data collection. Again the time interval for data collection
varied from 10 minutes during the beginning of the experiment to 24 hours. After each time
interval, the specimens were retrieved, blotted dry to remove excess liquid, weighed in air,
weighed in water, and returned to the water bath. The measurement under water was
performed within about 10 seconds to avoid any absorption of water during the process. The
mass under water is equal to the mass in air minus the buoyancy force exerted by the water.
The volume of the sample was calculated using the mass in air and water as shown below.
(1)
where V is the volume of the sample, ma is the mass of the sample in air, mw is the mass of
the sample in water, and ρ = 0.99985 is a factor to account for air bouyancy. ρw = 1 g/cm3
and ρa = 0.0012 g/cm3 are the densities of water and air respectively. The sample mass
density ρ was calculated as follows.
(2)
The measured fractional mass change in air, Δma, and in water, Δmw, was obtained as
(3)
and the volume change expressed as the Jacobian of the deformation, J was calculated as
follows:
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where ma0, mw0 and V0 are the initial sample mass measured in air, initial sample mass
measured in water and volume, respectively.
2.6 Dynamic Mechanical Analysis
The measurement of glass transition temperature and storage modulus in the rubbery state
was carried out using dynamic mechanical analysis (DMA Q800, TA Instruments, New
Castle, USA) in a 3-point bending configuration. The analysis has been described previously
[49]. The frequency used to measure the storage modulus was 1 Hz with amplitude of 15 μm
and a preload of 0.01 N. The applied displacements and measured loads were converted to
stresses and strains using the equations of elastic beam theory for long slender beams
undergoing small deformations. The storage modulus was measured across 0°C to 250°C
using a temperature sweep. The temperature sweep was conducted at 3°C/min. The glass
transition temperature was identified from the peak of the tan δ – temperature curve. The
storage modulus decreased with temperature and reached an asymptote at the glass transition
temperature as shown in the supplementary Figures S1 and S2. This asymptotic storage
modulus was taken to be the apparent rubbery modulus of the polymer. The covalent
crosslink density was calculated based on Flory’s rubber elasticity theory [45, 50] as shown
below:
(5)
where E′ is the apparent rubbery modulus, T is the temperature at which the rubbery plateau
of the polymer begins, and the universal gas constant R = 8.31 J K−1mol−1. Eq. (5) is based
on the rubber elasticity theory and is not valid for high degrees of cross linking, but has been
used when the storage modulus in the rubbery region is in the range of 2×106 and 2×108 Pa
[50]. Eq. (5) has been used widely to estimate the crosslink density of polymeric materials.
In addition, the stoichiometric crosslink density νs in moles/m3 was calculated from the
mole percentage of the cross-linker and the degree of conversion as follows, assuming that
the degree of conversion to be uniform for both BisGMA and HEMA [51]
(6)
where b is the percentage of BisGMA in the polymer, DC is the percentage degree of
conversion shown in Figure S3, ρ is the polymer density and Mb is the molar mass of
BisGMA.
2.7 Mechanical testing
Mechanical tests were performed using a three-point bending apparatus with 10 mm beam
span on a Bose Electroforce 3200 tester. Completely saturated and swollen samples that
were subjected to absorption and swelling experiments (section 2.6) were used for this test.
Loading was applied at a rate of 0.001 mm/sec, or equivalently in terms of the elastic strains
at the rate of 75 μstrain/sec. Average stress-strain curves (n = 3) were obtained and used to
calculate the elastic modulus from the linear region (≤1% strain) using a straight line fit for
each formulation under dry and wet conditions, respectively. The goodness of fits ranged
from 92.9% for formulation with low BisGMA content to 99.9% for medium to high
BisGMA content.
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A number of theories to model the elasticity of a polymer network have been developed,
such as the kinetic or statistical theory of rubber elasticity, and the phenomenological
Mooney-Rivlin type models and their variations [47]. It is well accepted that the macro-
scale properties of a material are significantly influenced by the interaction between
representative units. Constitutive models that relate the externally applied action to the
parameters that govern the interaction between representative units have an advantage for
describing the mechanical behavior of polymer networks because they enable mechanical
responses to be related to the composition (see for example discussion in [47]). In many
polymeric systems, the relevant representative unit can be modeled as grains or blobs. In this
case, polymers can be described as assemblies of grains or blobs interacting through
entanglements or crosslinks; where each blob retains the Gaussian characteristics of a Flory
chain at low crosslink densities and non-Gaussian characteristics at higher crosslink
densities as depicted by De Gennes [52]. Results of small-angle neutron scattering have
shown that polymer gels have similar characteristics as dense fluids of hard spheres [53].
Recent simulations agree with this granular or blob description of polymers [54]. Similar
granular descriptions have also been associated with acoustic dispersion phenomena,
wherein the grain size in materials such as polymers has been interpreted as the free path
between acoustic scattering sites [55]. In the granular descriptions, the grains are viewed as
atom aggregations in which the intra-granular atomic interactions have a qualitatively
different nature than the inter-granular interactions. For example in cross-linked polymers,
the intra-granular interactions are the covalent bonds within the polymer chains. The inter-
granular interactions, on the other hand, may comprise of covalent crosslinks and the non-
covalent hydrogen-bonds, van der Waals interactions and physical entanglements. In these
cases, the overall inter-granular interaction may be viewed in a statistical sense. In principle,
the inter-granular interaction may be treated from atomistic viewpoint; however such an
approach can be computationally intractable for cross-linked polymeric systems with
billions of atoms and ill-defined structure. From a practical viewpoint, we can formulate
appropriate functions to describe the inter-granular interactions in which the essential sub-
granular scale mechanisms are represented and the interaction function parameters can be
obtained from the experimental data. Therefore, in this paper, we treat the adhesive polymer
to possess a pseudo-granular structure in which the grain-interactions represent the average
behavior of the covalent bonds within the chain, the covalent cross-links between segments
in two different polymer chains, non-covalent hydrogen bonds, van der Waals interactions,
entanglements, and other physical interactions. Granular micromechanics theory has been
used to derive bounds of elastic moduli for granular materials using inter-particle contacts
[56, 57] and more recently, to derive constitutive equations for rate-dependent visco-damage
behavior, including loading induced anisotropy, based upon inter-granular force-
displacement relationships [58]. Similar approaches have been used for modeling articular
cartilage which can be described as a fiber reinforced polymeric gel [59, 60].
The proposed approach provides a feasible meso-scale method to relate the macro-scale
properties to molecular-scales for materials whose micro-structure and local interactions are
ill-defined [58, 61]. The term meso-scale has been used to refer to a scale smaller than the
micro-scale but much larger than the size of a polymer segment (molecular scale), such that
a representative volume element at the meso-scale contains several thousand polymer
segments. We modeled the wet adhesive polymer using a three-step procedure by applying
a) granular micromechanics [56] to model the elastic behavior of the polymer network, b) a
self-consistent homogenization of the (homogenized) polymer network with the pore space
to obtain the homogenized porous polymer stiffness, and c) the poro-mechanical approach to
obtain the behavior of the saturated polymer by superposing the (homogenized) porous
polymer with the interstitial water. A schematic depiction of the three-step modeling
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procedure is shown in Figure 2(a) through 2(c). In addition, a schematic depiction of the
idealization for cases of low and high cross-link density is shown in Figure 3(a) and (b),
respectively. The BisGMA monomer is expected to act as a crosslink when the two double
bonds of the BisGMA molecule form active centers for polymerization, while HEMA chains
between the crosslinks have a high freedom of movement in the interstitial water. At low
crosslink densities, the crosslinks are spaced far apart and the influence of non-covalent
interactions is weaker. On the other hand, for high crosslink densities, the chain lengths are
much shorter and the non-covalent interactions are stronger. The average inter-granular
stiffness produced by these interactions is modeled using the micro-mechanical parameters
elaborated in the next section.
3.1 Micro-poro-mechanical model
In the first step (see Figure 2(a)), the theoretically dense wet polymer network was
homogenized using the granular micromechanics approach which assumes the system to be
composed of grains interacting in both the normal and shear directions. In this approach, the
stress tensor was obtained in terms of the tensor product of the interaction force vector and
the vector joining the centroid of pseudo-grains [58]. The resultant expression for the stress
tensor has similarities to the microscopic stress description utilized for reptation models of
polymers (see for example Section 5.3 [62]). The Kramers-Kirkwood relation and the
derived microscopic stress based on the Rouse model is also similar in form to the stress
tensor derived from a granular micromechanics approach [56, 63–66].
Using the granular micromechanics approach, the following expression for Young’s
modulus and Poisson’s ratio can be derived for isotropic systems subjected to isotropic
loading, under the so called “static hypothesis” for expressing inter-granular forces in terms
of the stress tensor [56].
(7)
(8)
where Es and νs are the elastic modulus and Poisson’s ratio of the polymer network, As is a
meso-scale parameter proportional to the average inter-granular stiffness in the normal
direction and the number density of inter-granular interactions, and αs represents the ratio of
the average transverse to the average normal inter-granular stiffness. For instance, in a
flexible linear polymer with no non-covalent interactions between chains, αs is close to 0
leading to a Poisson’s ratio νs, close to 0.5, as observed for hydrogels and rubbers [67–70].
A completely crosslinked structure such as diamond where the inter-atomic transverse and
normal stiffness are nearly equal has a Poisson’s ratio close to zero [71]. Formulae relating
other forms of macro-scale material properties to meso-scale parameters are given in Table
3. The “static hypothesis” approach is derived by relating the macro-scale strain to the local
displacements through least square fitting [56] in order to capture the non-affine local
deformations observed in these material systems [72].
In the second step (see Figure 2(b)), the polymer network was homogenized with the porous
space using the self-consistent approximation [73] to obtain the 4th-order stiffness tensor
Cijkl of the porous polymer as shown below.
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where Hφ is the strain concentration tensor in the pore space determined by using the
equivalent inclusion technique [74], and φ is the porosity of the polymer. Similar methods
have been used in more general settings for nonlinear problems [75, 76]. The stiffness tensor
 was written in terms of Es and νs given in Eqs. (7) and (8) as
(10)
where λs and μs can be determined from formulae in Table 3, and δkl is the Kronecker delta.
We have used the tensor notation for the development of the mathematical model, thus the
subscripts in this section follow the tensor summation convention. For the saturated swollen
polymer, the pore spaces were assumed to be spherical for simplicity in the absence of well-
defined morphological information. The Eshelby tensor S for spherical inclusion in isotropic
medium is given as [77]
(11)
where ν is the Poisson’s ratio of the homogenized porous polymer. The strain concentration
tensor Hφ for the pore space is then calculated as follows [73]:
(12)
where I = (δij δkl) is the identity tensor.
In step three (see Figure 2(c)); we superposed the homogenized porous polymer phase with
the fluid phase following the procedure described in [73] after considering large
deformation. We thus obtained the incremental overall constitutive equation for the
saturated polymer in a poroelastic framework as follows.
(13)
(14)
where σ̇ij is the stress rate, σ̄ij is the stress in the polymer phase, Lim is the velocity gradient
of the saturated polymer, ε̇kl is the strain rate, ṗ is the fluid pressure rate, ζ̇ is the volumetric
rate of water uptake with respect to the volume of the saturated polymer, and Bij and Γ are
the poromechanics constants. Bij and Γ were obtained in a straightforward manner using
self-consistent homogenization [61] as:
(15)
(16)
where Kf is the bulk modulus of water. The poromechanics constant B measures the ratio of
water volume squeezed out to the volume change of the saturated polymer under (idealized)
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conditions of flow under zero pressure. Bij is called the effective stress coefficient and
represents the proportion of the applied load carried by the fluid. Γ is a compliance
parameter which measures the amount of water which can be forced into the saturated
polymer under pressure while the volume is kept constant. Γ is a measure of the combined
fluid-solid compressibility. It is noteworthy that the value of Bij is not unity and both Bij and
Γ depend on the stiffness of the porous polymer and the polymer network. Under the
assumption of negligible change in water density, ζ̇ = γ̇w, where γ̇w is the increment in water
volume fraction in the saturated polymer. The approach outlined above can be used to
develop models for time-dependent deformations [78] or for including higher gradient
effects due to capillarity and thin boundary layers that occur in these porous materials [79–
81].
3.2 Chemical potential of the saturated polymer
Water absorption and swelling is determined by the mechanical properties as well as the
chemical potential of the water in the polymer. The chemical potential of water in a polymer
relative to chemical potential of pure water has been derived by [45]. Here, we used a
modified form written as:
(17)
where μ is the chemical potential difference between the water inside the polymer and pure
water, henceforth referred to as chemical potential, R is the universal gas constant (= 8.314
JK−1mol−1), T is the temperature, γw is the water volume fraction, p¯ is the effective fluid
pressure in the polymer given as p¯ = ∫ Bijδijṗ,  is the partial molar volume of water in
the polymer, Mw the molecular weight and ρw the mass density of water, χ is the polymer-
water interaction parameter, Vφ0 is the initial free volume in the polymer and Ψ is the
Heaviside step function such that Ψ(γw − Vφ0) = 0 when γw < Vφ0 and Ψ(γw − Vφ0) = 1
when γw ≥ Vφ0. The effective fluid pressure p¯ at equilibrium when the chemical potential
difference vanishes, μ = 0, is identified as the osmotic pressure. We note that the first term
in Eq. (17) represents the free energy resulting from the entropy and enthalpy of mixing,
while the second term represents the contribution from elastic deformation. The Heaviside
step function was introduced in the second term to account for the initial free volume, Vφ0,
defined as that fractional volume of the polymer which needs to be saturated before the
interstitial water develops pressure as the result of the elastic swelling of the polymer
structure. In literature, the free volume has been defined as the volume not occupied by the
polymer molecules but constituting a part of the bulk volume of the overall polymer solid or
polymer/diluent system [82]. The free volume in a polymer has also been defined
equivalently as the volume occupied by openings between the polymer chains where the
solvent molecules can pass through [82, 83]. Our definition is consistent with those from
literature since the fluid pressure and corresponding stress in the polymer is created only
when there is resistance to any further increase in space between the chains beyond the
initially empty space.
3.3 Swelling and elastic modulus of saturated polymer
We assume that the swelling under stress-free condition, wherein the increment of external
stress, σ̇ij = 0, is isotropic, that is ε̇ij = εδij and Bij = Bδij. Furthermore, for the swelling
experiments performed on beams whose length is much larger than the cross sectional
dimensions plane strain conditions may be assumed. Solving Eq. (13) and (14) under these
conditions, we obtained the following relationship applicable to our experiments
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where the stress correction terms involving the velocity gradient, Lij, vanish for the
condition of plane strain. The volume change expressed as the Jacobian of the deformation,
J is related to the isotropic strain as
(20)
Further, we note that the rate of loading for mechanical testing performed in this study is
orders of magnitude faster than the rate of water diffusion (or drainage) in the beam
samples. Therefore, the loading can be considered as undrained and ζ̇ = 0. Solving Eq. (13)
and (14) for this condition gives a relationship for the undrained stiffness in term of the
drained stiffness Cijkl, used in Eqs. (18) and (19), and poromechanics constants Bij as
follows
(21)
3.4 Numerical model calibration
Eqs. (17) through (21) allows us to relate the macroscopic experimental measurements, that
is the undrained elastic modulus, the mass change in air, the mass change in water and the
volume change to the local (meso-scale) parameters As, Vφ0 and χ. However, a numerical
solution of these coupled nonlinear equations is required for the calibration of the meso-
scale parameters. To this end, we minimized the following objective error function
(22)
subject to the constraints
(23)
where the change of mass in air
(24)
the change of mass in water
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the jacobian J is given by Eq. (20), and the undrained elastic modulus is given by Eqs. (15),
(16) and (21). We note that the parameter αs is not included in the error function to avoid
multiple solutions since only a single mechanical property measurement is available.
Additional mechanical property measurements will be needed for unique determination of
parameter αs.
Under saturation the water volume fraction, , and at equilibrium the chemical
potential given by Eq. (17) must vanish, thus yielding the required relationship for
determining V, Vφ, J and Eu, that are needed in Eq. (22). However, the effective fluid
pressure, p¯, the drained stiffness, Cijkl, and the poromechanics constants Bij and Γ are
unknown at equilibrium. Further, the relationship between the effective fluid pressure and
the water volume fraction given by Eq. (18) is in an incremental form. Therefore, Eq. (17)
was solved incrementally for the equilibrium condition, μ = 0. At each increment, the water
volume fraction and effective pressure in Eq. (17) were solved using the iterative Newton’s
method for which we defined the residual at the end of increment t+Δt as follows
(26)
and expanded in Taylor’s series as:
(27)
where  is the correction in the i-th iteration of increment t+Δt. Setting the residual in




, and the increment of effective fluid pressure Δp¯t + Δt was
calculated as . At the end of the i-th iteration, we updated the water
volume fraction as follows till convergence
(30)
The above numerical scheme was implemented using the following 3 steps:
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Step 1 To initiate the calculations, we utilized the following initial estimates of
meso-scale parameters: (1) As = kEu, where Eu is the undrained modulus
obtained from the mechanical experiment, and k is obtained from the
relationship between E and A in Table 3 for assumed value of αs (k = 5 for αs
= 1.0 and k = 13 for αs = 0.2); (2) the initial free volume, Vφ0, is taken as a
small number typically <0.1; and (3) χ = 0.5 which are similar to the
published results for polyHEMA [84, 85].
Step 2 For the case of γw < Vφ0, that is prior to the saturation of the initial free
volume, the water pressure is zero and chemical potential, μ, can be obtained
from Eq. (17) directly for given γw. For γw = Vφ0 the chemical potential μ0 is
also obtained from Eq. (17) by substituting p¯0 = 0. For γw ≥ Vφ0, the solution
was based upon the procedure outlined in Eqs. (26)–(30), where the chemical
potential was updated using a uniform increment, , and N was
chosen to be sufficiently large to obtain converged solutions with minimal
iterations. For each increment and within each iteration, the values of Cijkl,
Bij, Γ were updated using Eq. (9), Eq. (15) and Eq. (16) where φ = γw. We
note that Eq. (9) is non-linear in φ since  and Sijkl depend on the
Poisson’s ratio, ν, therefore, Eqs. (9), (11) and (12) were simultaneously
solved using an optimization scheme, such as Levenberg-Marquardt scheme
to determine, ν, and subsequently Cijkl, Bij and Γ.
Step 3 Once the equilibrium values of γw, p¯, Cijkl, Bij, Γ were obtained at μt+Δt = 0,
the change of mass in air (Eq. (24)), change of mass in water (Eq. (25)),
Jacobian of deformation and undrained elastic moduli were calculated at
equilibrium and substituted into Eq. (22) to calculate the error e(As, Vφ0, χ).
The error function was minimized using linear search optimization to
determine As, Vφ0 and χ, where step 2 is utilized in each iteration to obtain
the equilibrium values as indicated above.
4 Results and discussion
4.1 Experimental measurements
For the subsequent discussion, we use the nomenclature BHN to denote the formulations
described in Table 2, where B represents BisGMA, H represents HEMA, and N is the
percentage of BisGMA in the neat resin. For example, BH40 is the formulation
corresponding to the yellow circle in Figure 1 and prepared by diluting the neat resin
corresponding to the yellow square with water. The composition of a formulation lying on
the phase boundary follows a well-defined curve, and hence is fully defined by the
percentage of one of the components. Since we use formulations close to but not exactly on
the phase boundary, the resin composition follows an approximate curve. We describe our
results with respect to percentage of BisGMA in the resin. The following seven formulations
– BH85, BH70, BH55, BH40, BH25, BH20 and BH7.5 were chosen to perform the
absorption and swelling experiments. Figure 4 shows the measured data from water
sorption, swelling and mechanical testing experiments.
Figure 4(a) shows the change of mass of the polymers with time in water obtained using Eq.
3 for both before and after pre-washing. The mass change in water increases after pre-
washing, which is likely due to the increase in free volume from washing away leachables.
Figure 4(b) shows the volume change with time in water obtained using Eq. 4. From Figure
4(a) and (b) we observe that the rate of diffusion of water into the polymer as well as the rate
of swelling decrease with increase in BisGMA along the phase boundary. Figure 4(c) and
(d) show the final water sorption and volume change at equilibrium; these values also
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decrease with increase in BisGMA. This decrease in magnitude and the rate of water
sorption is expected as discussed in our previous work [43], since with increasing BisGMA
there is an increase in density of covalent crosslinks, non-covalent interactions and
hydrophobicity.
Figure 4(e) shows the stoichiometric covalent crosslink density as well as the covalent
crosslink density obtained from the rubbery modulus obtained using Eq. (5). Both these
quantities increased with BisGMA content. However the crosslink density obtained from the
rubbery modulus is several times larger than the stoichiometric crosslink density. The high
cross-link density obtained from the rubbery modulus using Eq. (5), does not account for the
shorter chain lengths in which the energetic contribution from chain stretching contributes
significantly to the stiffness [86]. Models which account for these effects could potentially
provide a better match between the crosslink densities calculated from the rubbery modulus
and stoichiometry. This is however not the goal of this paper and we do not use either of
these calculations for modeling, but have presented them for an understanding of the
material behavior beyond glass transition.
Figure 4(f) shows the elastic modulus obtained under dry, wet and rubbery conditions with
increasing BisGMA content. The modulus under wet conditions is smaller than that under
dry conditions because of partial plasticization of non-covalent interactions upon imbibing
water [42]. The non-covalent interactions are primarily hydrogen bonds, but may also
include van der Waals interactions and physical entanglements. The non-covalent
interactions exist between HEMA and BisGMA monomer units in the dry condition. In wet
conditions, these interactions between HEMA monomer units get plasticized. However, the
hydrogen bonding between BisGMA monomer units still exists due to the hydrophobic
effect and provides the necessary stiffness under wet conditions. Beyond the glass transition
temperature, all hydrogen bonding between the monomer units soften imparting freedom of
movement to the polymer chains [87, 88]; hence we see that the rubbery modulus is orders
of magnitude smaller than the moduli at room temperature at wet or dry conditions. These
findings also underlines the significance of the micro-poro-mechanical model described in
section 3.1, since the stiffness calculated from this model accounts for the contribution from
not only the covalent cross-links between polymer segments but also the non-covalent
hydrogen bonds, van der Waals interactions, entanglements, and other physical interactions,
as well as the material porosity and swelling.
4.2 Model calculations
The numerical model calibration described in section 3.4 was used to obtain the meso-scale
parameter As, the initial free volume Vφ0, and the interaction parameter χ. The calibration
was performed for three different values of the parameter αs: 0.2, 0.5 and 1, which
represents the relative shear to normal stiffness in the theoretically dense polymer. Since αs
= 0 implies no shear interaction which is unrealistic for a crosslinked polymer, we have used
αs in the range of 0.2 to 1.0 such the Poisson’s of theoretically dense polymer, νs, ranges
from 0 to 0.31. In addition, we computed the Poisson’s ratio, bulk modulus, poromechanics
parameters and Lame’s constants under undrained conditions at equilibrium. The variations
of these properties with respect to percentage BisGMA were then examined to understand
the structure-property relationships.
4.2.1 Meso-scale parameters—Figure 5(a) shows the variation of the initial free
volume, Vφ0, of the polymer with changing BisGMA concentration along the phase
boundary. The free volume in a polymer depends on the available space between polymer
chains, which is affected by a number of factors such as a) the nature of bonds between the
polymer segments, b) the volume and distribution of water that was dissolved in the
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monomer mixture, c) evaporation of this dissolved water from the sample during curing, and
d) the size distribution of the polymer segments. BisGMA increases the covalent cross-link
density as well as the non-covalent interactions between the polymer segments, which are
primarily hydrogen bonds, but may also include van der Waals interactions and physical
entanglements. The presence of cross-linking may restrict the packing of chains and
decrease the free volume [89]. Thus, with increasing crosslink density there is a smaller free
volume, Vφ0 to be saturated according to Eq. (17). So, the decrease in free volume from
BH20 to BH85 may be attributed to this increased density of interactions. However, we
observe that the free volume of BH7.5 is lower than that of the remaining formulations. This
is possibly due to a decrease in free volume caused by a greater retention of the water
molecules dissolved in the monomer, as bound water in the polymer, given the relatively
high hydrophilicity of this formulation. We hypothesize that the influence of packing density
on the free volume arising due to the dissimilar sizes of BisGMA and HEMA segments is
outweighed by the other factors discussed here. We also observe that the model prediction of
free volume decreases with decreasing αs, however the trend in variation with BisGMA
remains the same.
Further, in Figure 5(b) we show the equilibrium porosity, φ, or volumetric water content, γw.
The volumetric water content depends upon both the hydrophobicity and the polymer
network stiffness, and decreases with BisGMA content in a nonlinear fashion. As per Eq.
(17), under equilibrium conditions when μ = 0, γw has a nonlinear dependence on the fluid
pressure as well as on χ, which is representative of hydrophobicity. The fluid pressure in
turn depends on the polymer network stiffness Cijkl, as represented in Eq. (18). At low
BisGMA content, the network stiffness is small and the hydrophobicity is low leading to
high water absorption. The water absorption decreases with BisGMA content and
asymptotes to around 7 percent.
The dimensionless interaction parameter χ, originally introduced in [44] and [90]
characterizes the energy of mixing of the solvent and polymer. The relationship between the
polymer-water interaction parameter χ with the BisGMA content is shown in Figure 5(c).
Overall, χ shows an increasing relationship with the percentage of BisGMA. The interaction
parameter, χ depends on the following factors: a) interactions between water molecules and
the polymer molecules by virtue of its definition, b) cross-link density of the polymer
network, and c) the packing of the polymer chains and the overall structure. In particular, it
is known that the χ for cross-linked polymer exceeds that of the corresponding un-cross-
linked polymer [91]. An increasing trend of χ with the weight percent of the cross-linker was
found in a study by [92] for swelling experiments on polymers formed from a hydrophobic/
hydrophilic monomer pair. Further, we find that the value of the interaction parameter χ for
BH7.5 (2 mol% BisGMA) obtained from our model ranges from 0.68 to 0.84 for αs going
from 1.0 to 0.2. The calculated values compare favorably with the measured value (χ = 0.77)
reported in [93] for polyHEMA with 2.5 mole % crosslinker. We also note that the value of
the interaction parameter χ for BH85 obtained from our model ranges from 1.96 to 2.19 for
αs going from 0.2 to 1.0. These values compare well with the interaction parameter χ for
neat BisGMA (χ = 2.29) computed using Hansen solubility parameter [94]. From Figure 5,
we also see that αs = 0.2 or less leads to a decrease in the interaction parameter χ for
BisGMA content between 20%, to 60% which is contrary to expectation since BisGMA is
more hydrophobic than HEMA. Therefore, αs = 0.2 is physically unrealistic for BisGMA
content between 20%, to 60%. Overall an αs between 0.5 and 1 gives a more realistic
estimate of χ. It is also noteworthy that the monomer formulations lie along the phase
boundary i.e. they contain HEMA, BisGMA as well as water. The amount and nature of
water that remains in the polymer after the polymerization could also influence the variation
of χ. A greater amount of bound water present in the polymer would decrease the value of χ
since it would facilitate mixing by decreasing the enthalpy of mixing of additional water. A
Misra et al. Page 14













similar decrease in χ has been experimentally observed as the water volume fraction in the
polymer increases with swelling [47, 95–97].
From Figure 5(d) we observe that for all cases of αs, the meso-scale parameter As increases
with BisGMA content. It is noteworthy that the parameter As represents the average stiffness
and number density of interactions between polymer segments. The increase in covalent
crosslink density with BisGMA is clear from Figure 4(e). The increase of As with BisGMA
is not only contributed by the covalent crosslink density but also by the increase in non-
covalent and other physical interactions as discussed earlier. As observed in Figure 4(f), the
formulations BH7.5 and BH20 are nearly rubbery under wet conditions due to low crosslink
density and resultant long chain lengths caused by the large HEMA content and
corresponding plasticization by water. Hence, we observe a corresponding steep increase in
As at 20% BisGMA content which is in agreement with the steep rise in stiffness with
decreasing chain lengths reported rubber elasticity (see Chapter 1 of [86]). With further
increase in BisGMA content, the contribution is increasingly energetic, and at the highest
BisGMA content, the polymer is close to a crosslinked glass network, and As asymptotes for
constant αs. Based on the results of the interaction parameter, we predict that αs. lies
between 0.5 and 1 at BisGMA contents beyond 20%, therefore the model predicts As within
a narrow band.
4.2.2 Macromechanical properties—Figure 6(a) shows the variation of undrained
Poisson’s ratio with percentage BisGMA. We observe from Figure 5(c) that the predicted
interaction parameter χ are relatively insensitive to αs for BisGMA content <20% while αs
between 0.5 and 1 provides realistic estimate for BisGMA content >20%. The predicted
values of undrained Poisson’s ratio form a narrow band for BisGMA content <20% with
values close to 0.5 for BH7.5. For BisGMA content >20% the predicted values of undrained
Poisson’s ratio form a relatively broader band for αs varying from 0.5 to 1.0. For BH85, the
predicted undrained Poisson’s ratio varies from 0.04 to 0.17. We note that at high BisGMA
concentrations, the water volume fraction is very low and the polymer is very close to the
dry condition. For highly crosslinked glasses similar Poisson’s ratios of 0.11–0.15 have been
determined under dry conditions [98]. We see that the model leads us to realistic predictions
of Poisson’s ratios using values of αs that correspond to realistic predictions of χ. This
demonstrates the usefulness of the model in relating macro-scale mechanical properties with
chemical composition. Further, we note that the decrease of Poisson’s ratio with increase in
crosslinking has also been experimentally observed [98].
We observe that at low BisGMA content, wherein the contribution of cross-linking is
relatively small, the Poisson’s ratio tends to 0.5, which is same as that of water. From Figure
6(a), we see that for all values of αs, the undrained Poisson’s ratio νu for BH7.5 is in the
range of 0.47 to 0.49. It has been experimentally confirmed that the Poisson’s ratio of
hydrogels with low cross-link density is indeed close to 0.5. For example, [99] determined
the Poisson’s ratio of poly-HEMA hydrogel to be 0.42± 0.03 at pH 2.8 and 0.45±0.12 at pH
12 and [67] found Poisson’s ratios of 0.48±0.012 for relatively low cross-link density. The
values of Poisson’s ratio estimated from the model are particularly useful because the
experimental determination of Poisson’s ratio of these material is not straightforward and
may involve specialized image analysis techniques [99]. Based upon the optimization
scheme described in step 2 of section 3.4, we determined a Poisson’s ratio of 0.489 at 7.5%
BisGMA, which lies in the range of the experimental observations. Additional experimental
measurements of shear modulus may be necessary for precise prediction of these properties.
The variation in bulk modulus with BisGMA content is also shown in Figures 6(b). Though
the bulk modulus increases with the percentage of BisGMA, we observe that the bulk
modulus for the saturated polymer is much lower than that of water or the dry polymer,
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which suggests that these materials cannot be modeled using simple mixture theories.
Similar low values of bulk modulus in the range of 1 MPa has been measured for
polyHEMA gel under undrained conditions [67] and bulk moduli varying from 30 MPa to
300 MPa have been measured for articular cartilage [100, 101], which is a fiber reinforced
hydrogel. Thus, the bulk moduli in general for hydrogels are much lower than that of water.
The high value of Poisson’s ratio and the low value of the bulk modulus at low BisGMA
content are due to the low drained stiffness of the resultant highly porous polymer network.
Particularly for the Poisson’s ratio, the contributions of the poromechanical parameters
dominate in the undrained conditions.
Figure 6(c) and (d) show the variation of the poromechanical parameters B and Γ with
respect to the BisGMA content. The decreasing value of B implies that the role of the fluid
pressure in resisting the applied load decreases with the BisGMA percentage. The
decreasing value of Γ indicates decrease in overall compressibility of the saturated polymer
with increase in BisGMA. The decrease in overall compressibility is attributed to increased
covalent, non-covalent and physical interactions, as well as reduced water volume fraction
leading to reduced plasticization with increase in BisGMA. Figure 6(e) and (f) give the
variation of the Lame’s constants for reference. The Lame’s constants are an alternative
method to express the material elastic constants. We observe that the model predicts that the
shear modulus μu tends to zero at low BisGMA content. The macro-scale shear modulus
arises from the resistance to shear between grains at the meso-scale. As the crosslink density
decreases, the meso-scale shear resistance decreases, thus decreasing the macro-scale shear
modulus. For a highly porous and water saturated hydrogel with low crosslink density, the
model correctly predicts a low shear modulus that tends towards that of an ideal fluid. It is
noteworthy that the model gives reasonable estimates for a number of properties, especially
their trends with BisGMA content, using a relatively small number of experiments.
5 Summary and Conclusions
The dentin adhesives used in composite restorations polymerize in the presence of water and
thus vary in their spatial composition, spanning about ten microns from the dentin end to the
composite polymer end. Generally, these adhesives are a conglomerate of many angstrom-
scale structural units, which interact through various covalent bonds forming linear as well
as cross-links and non-covalent interactions such as van der Waals, hydrogen bonds, and
physical interactions. Their molecular structure is typically deduced by polymer chemists
based on the information from their chemistry of polymerization. Though the molecular
structure of the monomers and the polymerization mechanism is qualitatively understood,
the details of their meso-scale (sub-micron scale) structure, composed of polymer chains
cross-linked at intervals and entanglements is not known. Due to the large number of atoms
in a meso-scale, and the ill-defined knowledge of meso-structure and molecular interactions,
there are severe limitations to atomistic-scale modeling (both molecular dynamics and ab-
initio) of these material systems.
Therefore, in this paper we adopted the granular micromechanics approach, in which the
material is treated as a granular system whose grain interactions represent the average
behavior of the various molecular-scale interactions. In addition, we included chemo-poro-
mechanical effects using a meso-scopic chemical potential and Biot’s poromechanical
methodology for incorporating the pore-fluid pressure. The developed model was applied to
investigate the chemo-poro-mechanical properties of dentin adhesive polymer phases
formed along the ternary adhesive-water phase boundary. These dentin adhesive polymer
phases represent the composition of adhesive monomer applied to wet demineralized dentin.
Water sorption, swelling, static and dynamic mechanical tests were performed. An
optimization procedure was developed to determine the meso-scale model parameters using
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the experimentally measured sorption, swelling and elastic behaviors. These model
parameters are identifiable with molecular scale interactions. The variation of these
parameters along the phase boundary quantifies the effect of cross-link density and
hydrophobicity on the chemo-poro-mechanical properties. It is noteworthy that the trends
predicted by the model agreed with independent experimental measurements and with
chemical compositions. The model was used to predict additional mechanical properties like
Poisson’s ratio and bulk modulus, which are difficult to measure experimentally. Further, we
obtained insights into mechanisms at the molecular scale that are potentially responsible for
the bulk material properties.
In the field of restorative dentistry, an intuitive approach based on experience is often used
by polymer chemists to identify or design new co-monomer adhesive molecules to meet
multiple target criteria such as water sorption and elastic modulus. We expect that the
chemo-mechanical model introduced in this paper will enhance this approach by providing a
stronger link between polymer chemistry and the macro-scale chemo-mechanical properties.
Further, the model parameters have been determined along the adhesive-dentin phase
boundary. These model parameters can be used for describing the hybrid layer mechanical
properties for input into finite element models of dentin-adhesive interfaces. The model can
also be extended to incorporate polymer rate-dependent behavior such that the fluid-flow
and the intrinsic viscous effects can be distinguished resulting in a more comprehensive
description of the mechanical behavior of these materials.
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(Color online) Representative adhesive monomer formulations identified on the phase
boundary of the water-adhesive ternary phase diagram. The circles represent the
formulations prepared close to the phase boundary. The squares represent the corresponding
neat formulations.
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(Color online) Schematic depicting steps for micro-poro-mechanical modeling.
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(Color online) Schematic of the saturated polymer for (a) sparsely cross-linked network and
(b) highly cross-linked network. The red molecule belongs to the cross-links and the black
molecules to linear polymer chains. The large molecule in the polymer is a BisGMA unit
and the smaller one is a HEMA unit. The blue molecules represent water in the interstitial
spaces between the polymer chains.
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(Color online) Experimental measurements on polymer formulations: (a) pre-wash and post-
wash change of mass in air with time, (b) post-wash change of volume with time, (c) pre-
wash and post-wash change of mass in air at equilibrium, (d) post-wash volume change at
equilibrium, (e) crosslink density obtained from rubbery modulus and stoichiometry, and (f)
elastic modulus under dry, wet and rubbery conditions.
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(Color online) Variation of model parameters with percentage of BisGMA: a) free volume,
b) volumetric water fraction, c) interaction parameter, and d) meso-scale parameter
representing average inter-granular stiffness and density.
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(Color online) Correlation between derived mechanical properties and percentage of
BisGMA: (a) Poisson’s ratio under undrained conditions, (b) bulk modulus under undrained
conditions, (c) poromechanics constant B, (d) material compressibility relative to water, (e)
Lame’s first parameter under undrained conditions, and (e) Lame’s second parameter (shear
modulus) under undrained conditions.
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Table 1
List of co-monomers.
Co-monomer chemical formula/name Co-monomer Structure
BisGMA
HEMA
Supplier: Sigma Chemical Co., St. Louis, MO, USA.
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Table 2
Percentage composition of the monomer formulations on the phase boundary
BisGMA (%) HEMA (%) Water (%) Miscibility (%)
BH85 0.833 0.147 0.02 -- *
BH70 66.51 28.51 4.98 6.69
BH55 50.05 40.95 9 10.65
BH40 34.8 52.2 13 15.25
BH30 24.45 57.05 18.5 21.14
BH25 19.5 58.5 22 24.82
BH20 14 56 30 32.48
BH7.5 3.75 46.25 50 53.76
*
Too viscous to measure miscibility
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Table 3
Relation between meso-scale parameters and macromechanical material properties





Lame’s first parameter λ
Note: Superscripts s and u used in the text refer to the theoretically dense wet polymer network and the saturated swollen polymer under undrained
conditions.
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